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Summary Cerebral autoregulation is particularly challenged in acute ischemic stroke. In this
review we summarize the data of our previous studies on autoregulation regarding the effect of
rtPA on autoregulation after stroke. A pooled analysis of two studies (45 patients) has shown a
worsening of the autoregulatory index Mx between an early (ﬁrst 48 h) and late (days 5—7) mea-
surement. This increase was more pronounced on affected sides than on unaffected sides. Poor
ipsilateral Mx was associated with a greater volume of MCA infarction at a late measurement
and related to poor clinical outcome. Overall, autoregulatory impairment tends to increase
mainly in large infarction and generalize to the contralateral side during the ﬁrst days after
ischemic stroke. As a limitation, transcranial Doppler sonography does not allow to detect focal
areas of dysautoregulation in smaller strokes. To better understand the temporal and spatial
dynamics of dysautoregulation in acute stroke in relation to the type and size of infarction, new
bedside hemodynamic monitoring techniques (like multi-channel near-infrared spectroscopy)
are needed.
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ntroduction
erebral autoregulation is particularly challenged during
cute ischemic stroke. Working autoregulation is impor-
ant both during the acute vessel occlusion and during
he reperfusion phase. Potential changes in autoregulatory
apacity are considered in the treatment of blood pressure
n ischemic stroke [1].
Dynamic autoregulation allows to noninvasively assess
he autoregulatory capacity in acute stroke. Thereby, spon-
Openaneous ﬂuctuations in blood pressure and cerebral blood
ow velocity (assessed by transcranial Doppler sonography)
re analyzed to extract information about how quickly and
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Open access under CC BY-NC-ND license.ppropriately autoregulatory action occurs [2]. A recent
ystematic review of TCD autoregulation studies in acute
schemic stroke revealed a considerable heterogeneity in
utoregulation methodology and time points of measure-
ent [3]. Most of the included studies comprised a small
umber of patients with various types and locations of
schemic stroke.
In this review we summarize data of our previous stud-
es on autoregulation assessed by TCD in acute ischemic
troke. We focus on the time course of autoregulation in
cute stroke and clinical factors associated with autoregu-
ation in acute stroke and will discuss future challenges in
he ﬁeld of autoregulation in acute stroke.
ethods
s under CC BY-NC-ND license.his review comprises a total of 45 patients from two
revious studies [4,5]. Patients were admitted with acute
schemic stroke in the middle cerebral artery (MCA) territory
195
Figure 2 Relation between autoregulation (index Mx) and
outcome after stroke. Data sets of 44 eligible patients from
previous studies [7]. Pearson correlation between autoregula-
tory index Mx (higher values mean poorer autoregulation in the
middle cerebral artery ipsilateral to the stroke) and outcome.
The index Mx was measured around day 6 after stroke onset,
outcome assessed after 4± 2months by modiﬁed Rankin scale
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to our stroke unit and had no relevant obstructive carotid
artery disease. The protocol for the studies included an early
measurement of autoregulation (within 48 h after stroke
onset) and a late measurement around days 5—7.
Flow velocity in both MCA was measured by TCD
and blood pressure was recorded noninvasively via ﬁn-
ger plethysmography. Cerebral autoregulation was assessed
from spontaneously occuring ﬂuctuations in blood pressure
during a period of 10min in each study. In this review we
focus on results of the correlation coefﬁcient analysis. With
this approach (index Mx), mean values of ABP and CBFV are
correlated by Pearson’s correlation coefﬁcient. In case of a
high correlation, CBFV ﬂuctuations depend on those of ABP.
Higher Mx values thus reﬂect poorer autoregulation [6].
Results
The course of autoregulation during the ﬁrst week
after stroke onset
In a group of 45 patients with acute MCA stroke, the index
Mx increased signiﬁcantly between an early measurement
within 48 h after stroke onset and a second (late) measure-
ment around day 6 (late). This increase indicates worsening
autoregulation and was larger on the MCA side affected by
the stroke, but was also signiﬁcant on the contralateral side
(Fig. 1a). Group mean values did not differ from those of
controls. A separate analysis of patients with large MCA
stroke, however, showed that Mx is clearly impaired in the
MCA ipsilateral to the stroke side around day 6 after stroke
onset but not during the ﬁrst day after stroke (Fig. 1).
The relation between autoregulation and clinical
factors
Deteriorating autoregulation (increasing Mx) on ipsi- more
than contralateral sides between days 1—2 and days 5—7 was
b
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Figure 1 Cerebral autoregulation after ischemic stroke. Signiﬁcan
early (ﬁrst 48 h) and late (days 5—7) measurement after stroke onset
infarction (62± 21% of MCA territory) [5]. Controls refer to 71 age-mmRS).
ssociated with larger infarcts [7]. Furthermore, there was a
ositive relation between poorer ipsilateral autoregulation
nd poorer clinical status (NIH stroke scale) at the early
nd late measurement. On contralateral sides, a similar
ut non signiﬁcant trend was observed. Poorer autoregu-
ation (higher Mx) around day 6 was associated with poorer
utcome (Fig. 2). In a multivariate model, however, only
nfarction size remained a signiﬁcant predictor for clinical
t oncrease of Mx on ipsi- and contralateral sides between the
[7]. Separate analysis of patients with poor outcome and large
atched healthy persons (64± 9 years).
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utcome. A separate detrimental effect of rtPA treatment
n autoregulation after stroke was not found [5].
iscussion
he main ﬁndings of our studies so far is that dynamic
utoregulation in acute stroke detected by TCD worsens
ver the ﬁrst days after stroke onset (more on affected
han unaffected sides) and that this worsening of autoreg-
lation associates with a larger MCA infarct size and poorer
utcome.
Various other studies have generally shown mild to mod-
rate impairment of dynamic autoregulation affecting the
CA ipsi- and contralateral to the ischemic stroke [8,9].
revious TCD studies on autoregulation in stroke did not
onsider the actual size of infarction [9,10].
When using TCD for measuring dynamic autoregula-
ion in acute ischemic stroke, two mechanisms need to
e considered: 1. Local dysautoregulation related to the
ffected stroke territory. Within the infarction core, cere-
ral autoregulation is probably severely disturbed in the
arly stages. Tissue lactate acidosis leads to local vasoparal-
sis, compromising the autoregulatory mechanism in both
he ischemic core and the direct periinfarct region [11]. Such
presumed early impairment is, however, not univocally
etected by the index Mx in larger strokes in our studies. The
x value rather indicated a secondary decline in autoregu-
ation after reperfusion mainly in large infarcts. This means
hat either autoregulation in the area of large infarction
ecomes worse, or that additional areas within the territory
ecome involved. Such a pattern of secondary deterioration
as also reported in a study using invasive autoregulation
onitoring of malignant MCA stroke [11]. A vicious cycle of
eperfusion, producing inﬂammatory vasotoxic substances,
ysautoregulation, edema and further ischemia has been
iscussed [5,11]. Whether such a mechanism also exists for
maller MCA infarctions cannot be determined by transcra-
ial Doppler sonography. However, an impairment within
arge areas of the MCA territory seems unlikely in this situ-
tion, because TCD recordings in the MCA should then have
roduced clearly pathological results.
There seems to occur a milder and more global autoreg-
latory dysfunction which probably evolves during the ﬁrst
n
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igure 3 Spatially resolved autoregulation mapping with multi-c
atient with near occlusion of left internal carotid artery [14]. Dy
espiratory-induced 0.1Hz oscillations in ABP and oxy-hemoglobin. A
nd this is most prominent in the borderzone between middle cerebM. Reinhard et al.
ays after ischemic stroke. Studies in which autoregula-
ion in the MCA was measured once within four days of
CA- or non-MCA-territory stroke onset found a bilateral
eduction in dynamic autoregulatory capacity independent
f infarct type and vascular risk factors [9,10]. Such changes
ere not detectable for static autoregulation, leading to the
ssumption that dynamic autoregulatory measures are more
ensitive to general vascular dysfunction in acute stroke
10]. The reason for this general impairment, which seems
o be limited to dynamic autoregulation, is not clear. Pre-
xisting endothelial dysfunction may exacerbate within an
cute phase response shortly after cortical ischemic stroke
12], when inﬂammatory or autonomic changes addition-
lly affect the cerebral vasculature. In a further study,
e found that secondary impairment of autoregulation in
he subacute stage after stroke was associated with alter-
tions in the neurovascular coupling mechanism outside the
nfarcted area using functional magnetic resonance imaging
13]. This underlines the assumption of a secondary endothe-
ial dysfunction leading to both impaired autoregulation and
mpaired neurovascular coupling. A general autoregulatory
ysfunction could thus potentially interfere with functional
estitution and thus affect the clinical outcome [13].
We have indeed found an association between impaired
utoregulation after ischemic stroke and clinical outcome.
he association between autoregulation and outcomemight,
owever, be linked via the size of MCA infarction. How-
ver, the infarction size in the current cohort of patients
as mainly derived from demarcated lesions visualized by
ollow-up imaging. Dysautoregulation could still have con-
ributed to the ﬁnal size of infarction.
A main methodological problem of the studies reported
ere is the low spatial resolution of TCD. A small infarct
ithin the MCA territory could also lead to severe focal
ysautoregulation without a clear autoregulatory impair-
ent in the main stem of the MCA. To better understand
he spatial characteristics of impaired autoregulation in
schemic stroke (focal versus global dysautoregulation) we
eed new bedside hemodynamic monitoring techniques
ith a high spatial resolution. One promising but tech-
ically demanding method is multi-channel near-infrared
pectroscopy. A ﬁrst example of noninvasive autoregula-
ion mapping with this technology in a patient with severe
arotid stenosis is illustrated in Fig. 3 [14].
hannel near infrared spectroscopy. Example of a 68-year-old
namic autoregulation is graded from the phase shift between
utoregulation is impaired on the side ipsilateral to the stenosis
al and anterior cerebral artery.
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Conclusions
Impairment of dynamic autoregulation detected by TCD in
acute ischemic stroke is associated with larger MCA stroke
and a poor clinical status. It tends to worsen and gen-
eralize during the initial post-stroke days and associates
with poor clinical outcome. To better understand the tem-
poral and spatial dynamics of dysautoregulation in acute
stroke in relation to the type and size of infarction, new
bedside hemodynamic monitoring techniques (like multi-
channel near-infrared spectroscopy) are needed.
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